14 N NMR shieldings are reported for all five aromatic compounds (azines) (4-6), as well as for fused available oxazoles and oxadiazoles in a variety of solvents. Both five-and six-membered ring systems (indolizines) (7). solvent polarity and hydrogen-bond effects on the nitrogen nuclear These solvent effects on the nitrogen shielding are significant shieldings of the solutes are significant and comparable in magni-and variable in magnitude. 
INTRODUCTION
oxazole and oxadiazole systems (see compounds I-V ).
Solvent effects on nitrogen NMR shieldings (chemical shifts) of nitrogenous five-membered ring heteroaromatic compounds have proven to be a valuable means of obtaining insight into solute-solvent molecular interactions (1) (2) (3) . We have previously shown that a study of solvent effects can disclose information on solvent polarity/polarizability effects on the solute, as well as hydrogen-bonding effects between solvent and solute. A particularly appealing aspect of this work is its ability to distinguish between nonequivalent nitrogen atoms in a heteroaromatic molecule. Similar observations have been made for six-membered ring hetero- Formally these molecules are the oxygen analogues of the from about 10 to 25 ppm. This is slightly less than the variations observed for pyridine-type nitrogen atoms in dicorresponding diazole and triazole systems where the pyrrole-type nitrogen atoms have been replaced by oxygen azole and triazole systems (2, 3) . Thus replacement of a pyrrole-type nitrogen atom by oxygen appears to lead to a atoms. In principle all six structures are possible; however, only I-V are known to exist. The parent structure of VI is diminution of the effect of changing solvent on the shielding of a pyridine-type nitrogen atom. too unstable for physical and chemical measurements (8) .
In the present work, we wish to determine whether the To separate the various specific and nonspecific contributions to the solvent-induced nitrogen shielding variations, pyridine-type nitrogen atoms in compounds I to V behave similarly to their analogues in the other heteroaromatic sys-we have made use of the empirical scheme represented by the master equation (9, 10) tems mentioned, in terms of solute-solvent effects on their shieldings. A second important question is that of competition in solute hydrogen-bond-accepting properties between 
[1] our earlier reports we employ the term ''nitrogen NMR shielding,'' rather than ''nitrogen chemical shift,'' in the where i and j denote the solute and solvent, respectively, s current work. Thus we have a sign convention for the nitrois the nitrogen shielding, a represents the hydrogen-bond gen shielding data which uses a positive sign to denote an donor strength of the solvent, b gives its hydrogen-bond increase in the magnetic shielding of a nucleus. This is oppoacceptor strength, p* is its polarity/polarizability, and d is site to that associated with the chemical-shift scale.
a correction for polychlorinated solvents (d Å 0.5) and aromatic solvents (d Å 1). The corresponding response of the
RESULTS AND DISCUSSION
solute nitrogen shielding to a given solvent property is given by the solute terms a, b, s, and d. The nitrogen shielding The results of high-precision 14 N NMR measurements of the nitrogen shieldings of compounds I to V are given in in the reference state, cyclohexane solution, is given by s 0 .
The nitrogen NMR shieldings for compounds I to V, re- Table 1 for solutions in a variety of solvents which portray a wide range of solvent properties with respect to polarity trieved by means of Eq. [1] , are given in Table 2 .
The solvent parameter sets employed in the present and hydrogen-bonding effects.
Under Experimental, details of the methods used to obtain work are given in Table 3 together with the least-squares fitted estimates of the solute nitrogen shielding responses these results are given. The measured data reported are corrected for bulk susceptibility effects and have a precision and the linear correlation coefficients for the comparison of the experimental and calculated values, produced by such that the last digit quoted is uncertain. As shown in Table 1 the effects of solvents on the nitrogen shieldings of means of Eq. [1] . As shown in Table 3 , the s term, which represents the response of the nitrogen shielding to the oxazole and oxadiazole systems are significant and range changes in solvent polarity, reveals that more-polar sol-tems currently studied, which in principle is more electron attracting than the pyrrole-type nitrogen atoms contained vents result in a significant increase in the solute nitrogen shielding, by up to about 9 ppm on the shielding scale. in diazoles and triazoles, does not reverse the direction of electron charge migration in the ring. In the present case, This is similar to the effects observed in diazole and triazole systems for pyridine-type nitrogen atoms ( 2, 3 ) . an increase in solvent polarity should favor the delocalization of the oxygen lone-pair electrons into the aromatic Consequently the presence of an oxygen atom in the sys- duces electron charge migration in oxazole and oxadiazole Nitrogen Shielding Increments Induced by Varying the Dielec-systems as depicted above for compound II. The actual electric Constant (e) of the Medium as Calculated by the Solvaton tronic structure changes from IIa to IIb as the solvent polarModel ity increases. Analogous conclusions can be drawn for the other compounds studied in the present work.
Nitrogen shielding increment (in ppm)
As shown in atoms. This influence is described by the values given in Table 3 for the a term. As in the case of the diazoles and triazoles we find in the present work that the a term is positive and significant. In general the magnitude is comparing, thus resulting in an accumulation of electronic charge rable to that of the s terms. Since the signs of both terms on the pyridine-type nitrogen atom:
are the same, the effects corresponding to them are additive. The newly developed TNDO/2 scheme was used; this is This is analogous to the case of the diazoles and triazoles where the pyrrole-type nitrogen atom supplies the lone-pair essentially an INDO-based method where the parameterization is not unique for a given element but includes various electrons. This conclusion is supported by solvaton-model calculations of the solute nitrogen shieldings as a function types of bonding of the atom concerned. Geometry optimizations were performed using the PM3 method, which is well of the dielectric constant, e, of the solvent as shown in Table  4 . The solvaton molecular orbital calculations of the nitrogen known to give a reliable geometric representation of polar molecules. These two methods are incorporated in the Hyshielding give results which are dependent upon the value of e for the medium (11, 12) . Such calculations, using INDO/S perchem and HyperNMR software packages produced by Hypercube, Inc. Computer simulations were performed usparameters, have been performed for various values of e. In Table 4 we report the nitrogen shielding increments, with ing water molecules as hydrogen-bond donors and the solute molecules as hydrogen-bond acceptors. respect to e Å 2, up to a value of e Å 40 as obtained from the solvaton calculations. The value of e Å 2 corresponds Initially a single water molecule is permitted to approach either the ring nitrogen or the oxygen atom in a given moleto the reference state, cyclohexane, and e Å 40 roughly corresponds to DMSO. Thus the results given in Table 4 cule and the geometry of the whole system is optimized. The resulting geometry is found to be planar with a reasonable approximately correspond to changes produced by the s term in Eq. [1] .
hydrogen-bond length of about 185 pm (picometers) for hydrogen bonding to both the oxygen and the nitrogen atoms. From Table 4 we note that the sign of the solvaton-induced shielding changes is the same as that found for the s term, Nitrogen shielding calculations by the TNDO/2 method for such optimized structures indicate that the nitrogen shielding but that the magnitudes are smaller. However, the calculated changes are of the same order of magnitude as the experi-is essentially affected only by the presence of the hydrogen bond between the nitrogen atom and the water molecule. mental ones. These results are comparable to those obtained for diazole and triazole systems (2, 3) . Bearing in mind Hydrogen bonding to the ring oxygen atom does not produce any significant effect on the calculated nitrogen shielding. the approximate nature of the solvaton calculations, it is gratifying that they are able to reproduce the correct sign, For example, the results given in Table 5 for compounds I and II show that where only one atom, oxygen or nitrogen, and approximate magnitudes, of the nonspecific solventsolute interaction effects on the nitrogen shieldings. Thus is involved as a hydrogen-bond acceptor, bonding to the oxygen does not have any significant effect on the nitrogen the combination of solvaton nitrogen shielding calculations and the experimental data on solvent effects on nitrogen shielding. When two nitrogen atoms are present as potential acceptor sites, e.g., compound III, and only one of them is shieldings indicates that an increase in solvent polarity in- involved in hydrogen bonding, the effect on the shielding We have extended our model to include as many water molecules as there are potential hydrogen-bond acceptor of the hydrogen-bonded nitrogen is significant, about /8 ppm; the shielding of the other nitrogen atom is hardly sites in the solute molecule. In this case the optimized geometries are not found to be planar, even when the acceptor changed.
Consequently, at this level of approximation where only sites are not adjacent, e.g., compound II, where both of the hydrogen bonds are not in the plane of the ring but are on one water molecule approaches the solute and is hydrogen bonded to only one of the potential acceptor sites, the effect opposite sides of the plane. Thus water-water interactions seem to be excluded in the model, whereas indirect effects on the nitrogen shielding is essentially a local one. Namely, a significant nitrogen shielding change is observed only for transmitted through the ring appear to be included. When all possible acceptor sites, O and N, are involved in hydrogen that particular nitrogen atom involved in the hydrogen bonding. If the hydrogen bond is formed at some other site, N bonding with water, the calculated effects on the nitrogen shieldings show a much improved agreement with experior O, the shielding effect on the nitrogen atom of interest is insignificant. This rather simple picture of hydrogen bonding ment ( Table 5 ). The lack of additivity of the effects given in Table 5 arises from the fact that the geometries of the predicts that its effects on the nitrogen shielding of molecules I to V should be fairly constant, about 7.5 ppm. The experi-singly hydrogen-bonded systems deviate from those with multiple hydrogen bondings. Consequently, any effects on mental data are more variable (Table 5) .
To compare these calculated results with suitable experi-the nitrogen shielding, due to hydrogen-bond formation with oxygen, are small in magnitude and may be of either sign, mental ones, we use the experimental differences in nitrogen shielding found between aqueous and DMSO solutions of thus not obeying any simple additivity rules.
Hence we conclude that hydrogen-bond-induced shielding compounds I to V. This choice is based upon the fact that the polarities of water and DMSO on the p* scale (Table increases of pyridine-type nitrogen atoms appear to reflect the rather subtle influences of hydrogen-bond competition 3) are approximately equal and that DMSO is not a hydrogen-bond donor (Table 3) . Thus the observed nitrogen between various acceptor centers in a given solute molecule, namely those involving geometry distortions with respect to shielding differences should correspond to the effects of hydrogen bonding between water and the given solute mole-the case of the formation of only one hydrogen bond.
Consideration of the values of the b term in Table 3 , cules. Hence the simple model used accounts reasonably well for the sign and magnitudes observed in the nitrogen which accounts for the effects of solute-to-solvent hydrogen bonding on the nitrogen shielding of the solute, shows that shielding changes, but does not account for the more subtle aspects of these changes.
this interaction is hardly significant. However, the b term liquid nitromethane was used as a reference by means of 10 mm/4 mm o.d. coaxial tubes. The inner tube contained 0.3 M nitromethane in acetone-d 6 ; the nitrogen shielding of this solution is /0.77 ppm from that of neat liquid nitromethane (17) . This value is obtained from measurements using concentric spherical sample/reference containers in order to eliminate bulk susceptibility effects. ing solvent at 35ЊC. The INDO/S solvaton calculations of the nitrogen shieldings as a function of solvent dielectric (11, 12) were performed on the University of Surrey HP Central system may reflect the C-H acidity of the solutes involved; e.g., using INDO-optimized geometries based upon standard compound I has been reported to be a stronger C-H acid structures (18). The TNDO/2 shielding calculations and than compound II (13) . This is reflected by the relative PM3 geometry optimization calculations were carried out at values of their b terms in Table 3 .
the Institute of Organic Chemistry of the Polish Academy A plot of the experimental nitrogen shieldings of comof Sciences using a Hector 486DX 50 MHz system and pounds I to V against the corresponding results of TNDO/ Hyperchem release 4.0 and HyperNMR software packages 2 calculations is shown in Fig. 1 . The calculations were from Hypercube, Inc. performed using the optimized geometries for isolated molecules. A good correlation is observed and reveals that the TNDO/2 method is reliable not only for calculating hydro-
